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Spontaneous  emulsiﬁcation  may  be used  for encapsulating  bioactive  compounds  in food  and  pharma-
ceutical  industry.  It has several  advantages  over high  energy  and  other  low  energy  methods  including,
protecting  sensitive  compounds  against  severe  conditions  of  high  energy  method  and  its ability  to  mini-
mize  surfactant,  removal  of cosurfactant  and  thermal  stability  compared  with  other  low  energy  methods.
In this  study,  we  examined  possibility  of encapsulating  highly  soluble  crocin  in W/O  micro-emulsions
using spontaneous  method  which  further  could  be  used  for making  double  emulsions.  Nonionic  surfac-
tants  of  Span  80 and  polyglycerol  polyricinoleate  (PGPR)  were  used  for  making  micro-emulsions  that
showed  the high  potential  of  PGPR  for  spontaneous  method.  Surfactant  to water  ratio  (SWR%)  was  eval-affron uated  to ﬁnd  the highest  amount  of aqueous  phase  which  can  be  dispersed  in  organic  phase.  Droplet
size  decreased  by  increasing  SWR  toward  the  SWR  = 100%  which  had  the smallest  droplet  size  and  then
increased  at  higher  levels  of  surfactant.  By  increasing  SWR,  shear  viscosity  increased  which  showed  the
high effect  of PGPR  on  rheological  properties.  This  study  shows  in  addition  to  W/O  micro-emulsions,
spontaneous  method  could  be  used  for preparing  stable  O/W  micro-emulsions.
© 2015  Elsevier  B.V.  All  rights  reserved.. Introduction
Crocin is one of the three major components of saffron and
ts principle coloring pigment. Crocin is glycosydic ester of dicar-
oxylic acid of crocetin which 6 types of it has been detected and
mong all, trans di gentiobiosyl ester is the most abundant iso-
er  (Fig. 1) [1–3]. Crocin has a high antioxidant activity [4,5] and
xhibits beneﬁcial effects on many organs including nervous sys-
em, gastrointestinal, cardiovascular, genital, endocrine, immune
ystems and against cancer [1,6–28].
Crocin is highly soluble in water and is a highly unsaturated
arotenoid which makes it susceptible to environmental conditions
ike low pH, oxygen and light. Trans-cis isomerization, oxidation
eactions and degradation causes diminishing its color, ﬂavor and
utritive value [29,30]. Due to its properties as an ingredient and
edicinal compound, crocin must be protected against environ-
ental conditions and should have a controlled release. There
re several ways to encapsulate and protect hydrophilic bioac-
∗ Corresponding author at: Pishro Food Technology Research Group, Gorgan, Iran.
E-mail address: smjafari@gau.ac.ir (S.-M. Jafari).
ttp://dx.doi.org/10.1016/j.ijbiomac.2015.12.029
141-8130/© 2015 Elsevier B.V. All rights reserved.tive components including liposomes, multiple emulsions, solid fat
particles, biopolymer complexes, cubosomes (bicontinuous cubic
liquid crystalline structure), and biologically derived systems (like
yeasts, spores or viruses) [31–33].
Multiple emulsions consist of small droplets of one phase
embedded within larger droplets of another phase which are them-
selves dispersed in a continuous phase [34,35]. One of the most
well-known multiple emulsions are double emulsion with two
main conﬁgurations: water in oil in water (W/O/W) and oil in water
in oil (O/W/O) emulsions [36]. The ﬁrst formulation (W1/O/W2)
consists of an internal water phase (W1) trapped as small droplets
inside oil droplets (O), which are themselves (W1/O) dispersed
within an external water phase (W2) [37]. Different structural
parameters and applications of W1/O/W2 emulsions have been
investigated over the last few years such as effect of internal
and external phase emulsiﬁer [38–41], volume fraction of differ-
ent phases [42–44], inclusion of biopolymers [45–49], production
procedures, release properties of encapsulants, encapsulation of
bioactive compounds [38,41,50], and internal phase particle size.
One of the most important parameters determining characteristics
of double emulsions and affecting releasing rate of encapsulant is
internal phase droplet size.
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sFig 1. Chemical structure of crocin, Span 80 and PGPR.
Nanoemulsions (also called mini-emulsions) compared with
onventional emulsions (also called emulsions or macro-
mulsions) have very small particles, i.e., mean radii between
00 and 1000 nm.  They have some advantages over conventional
mulsions including high stability against gravitational separation
nd droplet aggregation, optical clarity, increasing bioavailability
f encapsulated substances which makes them suitable for food,
everage and pharmaceutical industries [51–54].
All emulsions could be produced in two methods: high
nergy and low energy emulsiﬁcation. High energy methods like
igh speed homogenizer, high pressure homogenizer and ultra-
onic homogenizer are traditionally used in industrial operations
ecause of the ﬂexible control of emulsion droplet size distribution
nd ability to produce ﬁne emulsions from a wide variety of mate-
ials [55]. Nanoemulsions produced using low energy methods are
alled micro-emulsions. Unlike nano-emulsions, micro-emulsions
re thermodynamically stable isotropic liquids which are produced
sing different techniques like phase inversion composition (PIC),
hase inversion temperature (PIT), and spontaneous emulsiﬁcation
53].
Spontaneous emulsiﬁcation consists of mixing dispersed phase
ith a surfactant having high afﬁnity toward continuous phase
afﬁnity roughly could be determined using HLB value), then adding
he homogeneous mixture to continuous phase. High afﬁnity of
urfactant causes turbulence at dispersed phase/continuous phaseogical Macromolecules 84 (2016) 261–267
interface and surfactant displacing toward the continuous phase
makes very small droplets of dispersed phase covered with surfac-
tant in continuous phase (Fig. 2) [56–59]. To increase turbulence at
two phases interface, co-surfactants like ethanol, acetone, propy-
lene glycol, ethyl acetate and methyl acetate could be used for
producing O/W micro-emulsions. In such cases, organic phase con-
sists of oil, surfactant, co-surfactant; aqueous phase consists of
water. Homogenous mixture of organic phase will be added to
aqueous phase drop wise over a period of time, while mixing
using a magnetic stirrer [56–58]. Droplet size of dispersed phase
depends on level and type of surfactant and co-surfactant, surfac-
tant structure, surfactant to dispersed phase ratio, level and type
of two  phases, level and type of encapsulant, additive or nutritive
constituents in dispersed phase, and viscosity of dispersed and con-
tinuous phases, which the inﬂuence of all of them will be on amount
of turbulence and spontaneity [56–58,60–62].
High levels of surfactant and co-surfactant limits application
of low energy methods for food and pharmaceutical industries.
Recently, some efforts have been made for limiting or reducing
co-surfactant and decreasing surfactant to dispersed phase ratio
[56,58,61,62].
The purpose of this research was  investigating possibility of
making micro-emulsions of water containing crocin in olive oil
to ﬁnally make a double emulsion for protecting and controlling
release of crocin. In this research, ﬁrst of all, an appropriate sur-
factant was chosen and then amount of crocin, surfactant to water
ratio, and preparation conditions were investigated.
2. Materials and methods
Crocin (MW:  976.96 g/mole, Purity ≥95%) was  purchased from
Sigma–Aldrich Co. (St. Louis, MO), polyglycerol polyrecioleate
(PGPR) 4175 kindly donated by Palsgaard. Span 80 was  purchased
from Samchun Chemicals Co. (South Korea). Extra virgin olive oil
was purchased from a local market. Double distilled water was used
for preparing W/O  micro-emulsions.
2.1. Micro-emulsion production
W/O  micro-emulsions were prepared by spontaneous emulsiﬁ-
cation according to previously mentioned procedures for making
O/W emulsions [56,58] with some modiﬁcations. Aqueous phase
was prepared by mixing crocin solution and surfactant using a mag-
netic stirrer (RCT Basic, IKA, Germany) at 1000 rpm and then added
drop wise to oil phase while magnetically stirring. First of all, the
procedure was  standardized: (i) water content of 10 wt.%, surfac-
tant content of 10 wt.% (SWR = 100%), and oil content of 80 wt.%,
(ii) magnetic stirrer speed of 700 rpm, (iii) all procedures were per-
formed at room temperature and aqueous phase added to oil phase
in 1.5 h and stirring continued for another 0.5 h to get isotropic
conditions.
2.2. Surfactant to water ratio (SWR%)
Capacity of surfactant to emulsify the highest level of aqueous
phase and its effect on droplet size was  evaluated using SWR. In
all samples, amount of olive oil was maintained constant (80 wt.%)
and levels of surfactant and aqueous phase changed from SWR  25
to 175%.
2.3. Effect of stirring speedTo investigate effect of stirring speed of mixing during addition
of aqueous phase into oil phase, different speeds i.e., 400, 700 and
1000 rpm were used.
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F l micro-emulsions of crocin. Aqueous phase (water + surfactant) was  added into organic
p a adapted from Anton and Vandamme [56]).
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Table 1
Experimental parameters and their levels.
No Parameter Level
1 Crocin level (%) 0.1, 0.2
2  PGPR, Span 80 SWR  100
3  SWR  25–175
4  Stirring time (h) 2, 2.5, 3
5  Stirring speed (rpm) 400, 700, 1000ig. 2. Schematic representation of spontaneous method for preparing water in oi
hase (olive oil) drop wise, while magnetically stirring at ambient temperature (Ide
.4. Effect of mixing time
After 2 h mixing as a standard procedure, two samples were
tirred for additional 0.5 and 1 h, i.e., 2 h (standard), 2.5 h and 3 h.
.5. Effect of crocin level in aqueous phase
In addition to standard samples containing 0.1% crocin, a sample
ith 0.2% crocin in aqueous phase was prepared.
.6. Droplet size measurement
Droplet size of micro-emulsions was measured using a dynamic
ight scattering method (Zetasizer Nano Zs, Malvern Instrument,
alvern, UK). To avoid multiple scattering, all samples diluted
sing olive oil. All measurements were conducted after overnight
torage of samples at ambient temperature [58].
.7. Shear viscosity
Effect of composition and preparation conditions on viscosity
as measured using a Brookﬁeld viscometer (LVDV Pro II, Brook-
eld Engineering Laboratories, USA) by a spindle s34.
.8. Color
For evaluating the effect of composition and preparation con-
itions on color of micro-emulsions, tristimulus values (L*, a*, b*)
f color coordinates were measured using a Chroma meter (Konica
inolta CR-400). L* represents the lightness of the sample while a*
nd b* provide color coordinates. +a* is the red direction and −a* is
he green direction. +b* is the yellow direction and −b* is the blue
irection [63]. About 1 cm3 of samples poured in a container with
eight of 7 cm and diameter of 4 cm and the color coordinates were
easured from the top of the container.
.9. Statistical analysis
Experiments (Table 1) repeated two or three times and all mea-
urements were done on fresh samples and results reported as the
ean and standard deviation. Statistical analysis was performed
sing SPSS (version 16). Mean values were compared using Dun-
an’s test at 5% signiﬁcant level.Fig. 3. Effect of crocin load on particle size of micro-emulsions at standard condi-
tions: oil phase 80%, stirring speed 700 rpm at ambient temperature.
3. Results and discussion
3.1. Effect of crocin load and surfactant type
To investigate the inﬂuence of surfactant type and structure on
micro-emulsion properties, two surfactants of Span 80 and PGPR
were used in standard formulations, i.e., water content: 10 wt.%
crocin solution 0.1%, surfactant content: 10 wt.% (SWR = 100%), oil
content: 80 wt.% and stirring speed of 700 rpm at ambient temper-
ature.
Our results (Table 2 and Fig. 3) showed that it is possible to
make nano-emulsions with both Span 80 and PGPR but, the small-
est droplet size belongs to the micro-emulsions prepared by PGPR.
Experiments with Span 80 and 0.2% crocin showed some sedi-
mentation (crystallization) of encapsulant. Stability of dispersed
phase in an emulsion depends on amount of surfactant to cover
all droplets of dispersed phase and its speed for adsorbing at two
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Table 2
Effect of surfactant type and crocin concentration on mean particle diameter and span of micro-emulsions.
Surfactant/Chemical structure HLB Crocin level% Mean particle diameter (nm) Span
Span 80/Sorbitan
monooleate
4.3 0 17 ± 2 0.947 ± 0.0.3
0.1  26 ± 5 0.973 ± 0.02
0.2  40 ± 5 0.970 ± 0.06
PGPR/Polyglycerol
polyricinoleate
1.5  ± 0.5 0 21 ± 4 0.963 ± 0.04
0.1  9.7 ± 3 0.964 ± 0.03
0.2  10 ± 4 0.975 ± 0.05
10 wt.% aqueous phase, 10 wt.% surfactant and 80 wt.% oil phase, stirring speed of 700 rpm.
F
p
p
w
m
g
i
h
s
p
8
e
m
h
w
i
d
3
s
W
t
o
0
s
l
p
d
t
s
t
t
i
aig. 4. Effect of SWR  on particle size of micro-emulsions at standard conditions: oil
hase 80%, stirring speed 700 rpm at ambient temperature.
hase interfaces [64]. It seems small molecules of span compared
ith PGPR were unable to cover all droplets which causes sedi-
entation of crocin solution [41,65]. Previous studies have shown
ood emulsifying properties of PGPR with vegetable oils which
s due to excellent anchoring properties of both hydrophilic and
ydrophobic moieties of PGPR. Moreover, by increasing encap-
ulant concentration, droplet size decreased in micro-emulsion
repared with PGPR and increased in their counterparts with Span
0. Same results have been observed in W/O  emulsions containing
lectrolytes in the aqueous phase [41–67]. Reduction of droplet size
ay  be due to increasing adsorption density of surfactant and high
ydrophobicity of crocin which causes some kind of shrinkage in
ater droplets.
All spans (emulsion size distributions) were in the same range
.e., about 95% of droplets were in the same range which could be
ue to increased time of mixing.
.2. Effect of surfactant concentration (SWR)
One of the most important parameters in preparing emul-
ions using low energy methods is minimizing surfactant level.
e obtained different SWRs from 25 to 175% by changing surfac-
ant and water content, while oil phase was kept constant based
n standard conditions; surfactant: PGPR, crocin concentration:
.1%, stirring speed: 700 rpm at ambient temperature. Our results
howed that except SWR  25% (d ≈ 232 nm), all other surfactant
evels resulted in nano-emulsions (Fig. 4). Like other studies in
reparation of W/O  micro-emulsions by spontaneous methods,
roplet size decreased by increasing surfactant level (from SWR  25
o 100%) and then increased (from 100 to 175%) [56,58,68]. Previous
tudies considering the inﬂuence of higher surfactant concentra-
ions on decreasing droplet size to a certain value have suggested
wo theories for decreasing droplet size. The ﬁrst one is decreas-
ng interfacial tension due to adsorbing surfactant to the interface
nd the second is diffusing more surfactant from the outer phase toFig. 5. Effect of stirring time (standard, 2.5 h and 3 h) on particle size of micro-
emulsions.
inner phase which both of them could affect W/O  micro-emulsions
stabilized with PGPR according to its anchoring property and high
afﬁnity toward dispersed phase [58]. Increasing droplet size by
higher SWRs in W/O  micro-emulsions prepared using spontaneous
method have reported to be due to composing a liquid crystalline
phase with high viscosity which retards self-emulsifying capabili-
ties and increases droplet size [68].
3.3. Effect of stirring time and speed
For evaluating the inﬂuence of stirring speed on droplet size,
standard conditions were used with different speeds, i.e., 400,
700 and 1000 rpm. At 400 rpm, no nano-emulsion was formed
(d ≈ 1260 nm). The smallest droplet size was  related to speed
of 700 rpm. By increasing stirring speed from 700 to 1000 rpm,
droplet size increased from 9.79 to 24.4 nm which may  be due
to re-coalescence of emulsion droplets. In O/W emulsions pro-
duced using spontaneous method, previous studies have shown
that increasing speed from 200 to 800 rpm decreased droplet size
[58]. Increasing droplet size in W/O  micro-emulsions may  be due to
high mobility of water droplets due to increasing external energy
which may cause some coalescence.
Same results were observed in investigating the effect of stirring
time using standard conditions, except changing time of prepa-
ration (Fig. 5). By increasing stirring time from 2 to 3 h, droplet
size increased from 20.7 to 64.5 nm which could demonstrate re-
coalescence and then, increase in droplet size. Our results show
that preparing micro-emulsions need a balance between time and
speed. By decreasing stirring speed, the required time for making
micro-emulsions will be increased.3.4. Effect of SWR, stirring time and speed on viscosity
All emulsion showed Newtonian behavior rheologically. Stir-
ring time and speed showed no signiﬁcant effect on viscosity of
M.-A. Mehrnia et al. / International Journal of Biological Macromolecules 84 (2016) 261–267 265
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Table 3
Effect of SWR  on optical properties at standard conditions: oil phase: 80%, stirring
speed: 700 rpm and ambient temperature.
SWR  % Fresh emulsions 1st week 2nd week
L a b L a b L a b
25 11.13 −0.2 4.75 11.95 −0.35 5.62 13.11 −0.91 6.2
50  13.48 −0.3 6.69 13.54 −0.6 6.99 13.75 −0.91 6.83
75  13.83 −0.42 6.7 13.83 −0.68 6.84 14.09 −0.63 6.63
100  13.88 −0.74 6.81 14.08 −0.74 6.98 14.2 −0.84 6.90
125  14.04 −0.94 6.71 14.09 −0.83 6.84 14.17 −0.86 6.79
[
[Fig. 6. Effect of SWR  on viscosity of micro-emulsions containing crocin.
icro-emulsions but, by increasing SWR, i.e., increasing surfac-
ant content and decreasing water content at constant amount of
il, viscosity increased from 0.081 to 0.144 Pa.s (Fig. 6). In contrast
o O/W micro-emulsions [69], in crocin W/O  micro-emulsions by
ecreasing dispersed phase volume fraction and increasing sur-
actant (increasing SWR), viscosity is increased. It sounds that the
ffective parameter inﬂuencing W/O  micro-emulsions is the liq-
id crystalline and viscous layer of surfactant around the water
roplets. Effect of surfactant content on increasing the viscosity
ave been conﬁrmed in other studies [70]. In W/O  emulsions pro-
uced using the rotor-stator method, the same results as O/W
icro-emulsions have been observed, i.e., increasing viscosity by
ncreasing dispersed phase volume fraction [71].
.5. Optical properties of micro-emulsions
One of the most important advantages of nano-emulsions and
icro-emulsions over usual emulsions is their transparent or
ranslucent appearance making them suitable for using in foods and
everages. To achieve such conditions, it is important to prepare
icro-emulsions with droplet sizes smaller enough than wave-
ength of light to prevent light scattering.
Our ﬁndings showed that all tristimulus color coordinates (L*, a*,
*) changed signiﬁcantly (P < 0.01) by increasing SWR. It seems the
est way for interpreting color coordinates in spontaneous method
s based on SWR  or dispersed phase volume fraction rather than
article size, as it changes irregularly.
In freshly made micro-emulsions, lightness increased by
ncreasing SWR  which means effective role of surfactant in scat-
ering of light in spontaneous method. It may  be due to crystalline
ature of PGPR at water/oil interface which causes more scatter-
ng and higher lightness. SWR  175 and 125 showed the highest
nd lowest redness/greenness (a*), respectively but for blue-
ess/yellowness (b*), SWR  25 showed the highest value. Same
atterns were observed after one and two weeks.
Monitoring color parameters during storage could be used as a
ood parameter for evaluating emulsions stability. Although, the
mallest particles were related to SWR  100, but the highest sta-
ility indices according to optical parameters were belonged to
WR  125–175 since all color parameters did not changed signif-
cantly (P > 0.05) during two week storage (Table 3) which shows
mportance of surfactant concentration on physical properties of
mulsions produced using spontaneous method.
. ConclusionIn this study, we examined possibility of making W/O  micro-
mulsions using spontaneous method with the aim of ﬁxing two
ost important defects of low energy methods for food and phar-
aceutical applications i.e., high level of surfactant and use of
[
[150  14.1 −0.81 7.05 14.15 −1.04 6.93 14.29 −1.01 6.98
175  14.11 −1.08 6.87 14.14 −1.19 7.01 14.1 −1.05 6.67
cosurfactant. At ﬁrst, two  non-ionic surfactants (Span 80 and PGPR)
were evaluated for dispersing various amounts of crocin solutions.
Finally, effect of emulsiﬁcation parameters on droplet size, viscos-
ity and optical properties were evaluated. Our  results showed high
ability of PGPR for preparing nanoscale emulsions and their stability
for a long time. The optimum concentrations were measured based
on surfactant to water ratio (SWR) that was around SWR  = 100%
for standard conditions, i.e, crocin level: 0.1% and stirring speed:
700 rpm at ambient temperature. Results of this study may be used
in: (i) encapsulating sensitive compounds through spontaneous
method in food, pharmaceutical and cosmetic industries, (ii) abil-
ity of producing nanoscale emulsions without using high energy
methods, lots of surfactant and without cosurfactants.
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